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Summary
Objective: Mechanical stress is an important regulator of chondrocyte function, but it is unknown how chondrocytes respond to mechanical
stress. This study was performed to clarify the underlying mechanisms in human chondrocytes.
Design: Using a Flexercell strain unit (25% maximal elongation, 0.05 Hz-cyclic manner, and 48 h), mechanical stimulation was applied to
confluent CS-OKB cells, human chondrocytic cells. To analyze transcriptional changes in response to mechanical stress, differential display
reverse transcription-polymerase chain reaction (DDRT-PCR) and Northern blot analysis were performed.
Results: Among several differentially displayed fragments, one fragment (927 bp) tentatively named as SIC (Stress-Induced Chondrocytic)
1 was isolated from the human chondrocytic cell line and identified as one of the high molecular mass heat shock proteins.
Conclusion: Mechanical stress induces the expression of a high molecular mass heat shock protein corresponding to SIC 1 in human
chondrocytic cells. SIC 1 may play an important role in the mechanical stress-responded metabolism of human chondrocytes. © 2000
OsteoArthritis Research Society International
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Chondrocytes are the only type of cells present in cartilage,
and play an important role in the maintenance of cartilage
homeostasis. Chondrocytes in articular cartilage are
always subjected to various types of mechanical stress
under physiological as well as pathological conditions. It is
therefore recognized that cartilage matrix and chondro-
cytes are responsible for responding to mechanical stress
and maintaining the function of articular joints. Mechanical
stress is an important regulator of chondrocytes metab-
olism and is a prerequisite for maintaining cartilage matrix
properties.1 It is known that physiological dynamic load
stimulates the syntheses of type II collagen and proteogly-
cans while a static load decreases these syntheses.2,3
Excessive mechanical stress also decreases them.1,3
Focal lesions of osteoarthrosis in the knees and hips occur
in the area of peak loading,4 and excessive mechanical
stress has been recognized as one of the major causative
factors in osteoarthrosis. It is therefore important to deter-
mine how chondrocytes respond to mechanical stress.
Most previous studies have described the effect of mech-
anical stress on chondrocytes only by monitoring the rate of
proteoglycan synthesis.5,6
In this study, we analyzed transcriptional changes in
response to the mechanical stress using differential display
reverse transcription-polymerase chain reaction (DDRT-115PCR) and Northern blots, and found the elevated expres-
sion of high molecular mass heat shock protein in the
human chondrocytic cell line, CS-OKB.7 Thus, accumulat-
ing knowledge regarding these molecular events is crucial
to improve our understanding of several aspects of
cartilage physiology and pathology.Materials and methodsReceived 6 April 1999; accepted 13 September 1999.
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Human chondrocytic cells (CS-OKB) were seeded and
grown in both six-well silicon elastic-bottomed culture
plates (Flex I culture plates; Flexcell Corp., McKeesport,
PA) and non-elastic-bottomed ones (Flex II culture plates;
Flexcell Corp.). The bottomed surface of both plates was
coated with a type I collagen. When the cells were conflu-
ent, four plates of both Flex I and Flex II plates were fixed
on a Flexercell strain unit (Flexercell Corp.) and cyclic
mechanical tension was applied. The stress unit consists of
a computer-controlled vacuum unit and a base plate to hold
the culture dishes. Vacuum (around −20 kPa) is applied to
the dishes via base plate, which is placed in a CO2
incubator. When a precise vacuum level is applied to the
system, culture plate bottoms are deformed to a known
percentage of elongation which is maximal at the edge and
decreases toward the center. The strain is translated to the
culture cells. When the vacuum is released, the plate
bottoms return to their original conformation. In the
described experiments the culture plate bottoms were
deformed to 25% maximal elongation in a 0.05 Hz-cyclic
(10 s on, 10 s off) manner and the cells were stimulated
for 48 h.
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We used the partially modified DDRT-PCR method
initially described by Diachenko et al.8 at the end of
the mechanical stimulation experiments. Total RNA was
extracted from both the control (non-stressed) and the
stressed CS-OKB cells using TRIZOL reagent (GIBCO
BRL, Life Technologies, Tokyo, Japan). The mechanical
stress experiments were done twice, and the obtained total
RNA extracts were combined to average experimental
deviations. Then, total RNA was treated with Amplification
Grade DNase I (GIBCO) to remove contaminated trace
amounts of DNA. Single-stranded complementary DNA
was synthesized from 2 g of total RNA in a 50-l reaction
mixture containing 1× reverse transcriptase buffer, 2.5 mM
MgCl2, 0.5 mM dNTP mixture, 10 mM DTT, 500 units of
SuperScript II reverse transcriptase (GIBCO), and 2.5 M
of Oligo d(T)16 primer (Perkin-Elmer, Norwalk, CT, U.S.A.).
All reagents except Oligo d(T)16 primer were obtained from
GIBCO. The reaction profile was obtained following the
manufacturer’s instruction. Forty and 10-l aliquots of each
first-strand synthesis mixture were diluted 2- and 8-fold with
H2O, respectively, and 0.5 l of each was added to 10-l
PCR reaction. The final concentrations of components in
the PCR reaction were: dilution of ss-cDNA corresponding
to 1 ng/l and 0.25 ng/l of total RNA, 1 M of each
Arbitrary (P) and Oligo(dT) (T) primer, 50 M of each dNTP,
1× PCR buffer (1.5 mM MgCl2), and 0.2 l of ELONGASE
Enzyme Mix (GIBCO). We used the following PCR cycle
parameters: one cycle of (94°C, 3 min); three cycles of
(94°C, 2 min; 40°C, 5 min; 68°C, 5 min); 30 cycles of
(94°C, 1 min; 60°C, 1 min; 68°C, 2 min); followed by a final
extension at 68°C for 7 min. The amplified products were
resolved by electrophoresis on 0.4 g/ml urea, 10% poly-
acrylamid DNA sequencing gels (CleanGel DNA Analysis
Kit; Pharmacia Biotech), and analyzed by silver staining
(DNA Silver Staining Kit; Pharmacia Biotech).CLONING AND NUCLEOTIDE SEQUENCE OF cDNA FRAGMENTS
The differentially displayed bands were cut out of the
gels, placed in Eppendorf tubes containing 10 l of H2O,
and boiled for 5 min. Two l of each eluted DNA solution
was re-amplified in 50 l of PCR reaction using the original
primer pair. Re-amplified cDNA fragments were directly
cloned using the Original TA Cloning Kit (Invitrogen Corp.).
The DNA sequencing was performed in the sequencing
laboratory of Takara Biomedicals (Osaka, Japan). The
cDNA sequence was analyzed by MPsrch computer
programs in the database of GenBank.NORTHERN BLOT ANALYSIS
Each 15 g per lane of total RNA was separated on an
1% agarose gel containing 20 mM MOPS, 5 mM sodium
acetate, 1 mM EDTA, and 6% formaldehyde. Then, spe-
cimens were transferred to nylon filters (NYTRAN,
Schleicher and Schuell, Keene, NH) in 10×SSC, cross-
linked under ultraviolet light. For analysis of RNAs, the
cloned cDNA fragments used as probes were labeled with
[-32P]dCTP (3000 Ci/mmol; Amersham, U.K.) by random
priming then hybridized with the filters at 65°C overnight in
0.25 M Na2HPO4, 1% bovine serum albumin, 1 mM EDTA,
and 7% SDS at pH 7.2 following the procedure describedby Church and Gilbert.9 After hybridization, the blotted
filters were washed twice at room temperature in 2×SSC
and 0.1% SDS, and then with 0.1×SSC, 0.1% SDS
for 5 min at 65°C. Autoradiography was performed with
Amersham Hyperfilm (Amersham, U.K.) and with intensify-
ing screens (Kodak, New Haven, CT). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) hybridization was
used as a reference for relative mRNA per lane.SEMIQUANTITATIVE RT-PCR
To determine the mRNA levels of some of the
chondrocyte-specific products, i.d., type II, X procollagen
-chain and aggrecan, semiquantitative RT-PCR were per-
formed. First-strand cDNA was prepared from 500 ng of
total RNA using AMV reverse transcriptase and pd(N)9
random primer in a 40 l reaction according to the
manufacturer’s instructions (Takara Biomedicals).
The reverse-transcribed (RT) products were amplified by
PCR reactions using each two set of primers.7 PCR reac-
tions were performed in a 20-l reaction mixture containing
10 mM Tris-HCl (pH 8.3), 50 mM KCl, 2.5 mM MgCl2,
0.2 mM dNTP, 0.5 M of both sense and antisense primers,
0.5 U of Ampli-Taq Gold DNA polymerase (Perkin-Elmer)
and first strand cDNA corresponding to 2.5 ng of total RNA.
The thermal cycling protocols were: 95°C for 10 min for the
activation of DNA polymerase, followed by 94°C/30 s,
62°C/60 s for 40 cycles, then 72°C for 10 min to complete
elongation. As a control, housekeeping GAPDH was ampli-
fied as described above with exception of cycling number of
30. PCR products were separated in a 1.5% agarose gel
and visualized by ethidium bromide staining. PCR product
bands were measured densitometrically with Luminous
Imager (Aisin Cosmos R & D Co., Ltd. Aichi, Japan).ResultsIDENTIFICATION OF cDNA FRAGMENTS DIFFERENTIALLY
DISPLAYED IN RESPONSE TO MECHANICAL STRESS
Using the DDRT-PCR analysis, we isolated a total of 24
amplified fragments that appeared to be differentially
expressed between the control- and the stress-groups.
Nine fragments were up-regulated and the rest of 15 were
down-regulated by the mechanical stress. Among nine
up-regulated fragments, the highest molecular mass frag-
ment (927 bp) (Fig. 1), which was amplified using primer
pairs of P7 (5′-ATT AAC CCT CAC TAAATG CTG TAT G-3′)
and T2 (5′-CAT TAT GCT GAG TGA TAT CTT TTT TTT
TAC-3′), was subcloned into TA cloning vector and sub-
jected to sequence analysis. From the DNA sequencing
data, this fragment was found to be amplified by PCR only
with single primer (P7) as for both upstream and down-
stream primers. The MPsrch analysis indicated that
presently cloned fragment, which was tentatively named as
SIC (Stress-Induced Chondrocytic) 1, was identified as
KIAA0201 gene (GenBank access number: D86956),10
which is a human counterpart of murine high molecular
mass HSPs, HSP105 (D67016, D67017)11 (Fig. 2). North-
ern blot analysis using the cloned 927 bp-fragment as a
probe confirmed that the about 3.6 kbp-sized mRNA corre-
sponding to human SIC 1 could be up-regulated by mech-
anical stress in this study in human chondrocytic CS-OKB
cells (Fig. 3).
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The transcriptional levels of type II, X procollagen and
aggrecan in both control- and stress-groups were deter-mined by semiquantitative RT-PCR. As shown in Fig. 4, the
mechanical stress significantly suppressed the transcrip-
tion of type II procollagen. On the other hand, the expres-
sion of type X procollagen was slightly enhanced without
any effects upon aggrecan gene.Fig. 1. Silver-stained polyacrylamid gel after DDRT-PCR. The
obtained 927bp-cDNA fragment (arrow), human SIC1, was over-
expressed following mechanical stress. C: the control group, S: the
stress group. Bars and letters indicate sizes of the X174-HaeIII
digested molecular marker.Fig. 2. The MPsrch analysis results. Human SIC1 was identified as KIAA0201 gene (D86956), which is a human counterpart of murine high
molecular mass HSPs, HSP105 (D67016, D67017).Fig. 3. Northern blot analysis confirmed that the mRNA corre-
sponding to human SIC1 could be up-regulated by mechanical
stress in human chondrocytic cells. Figure shows the represen-
tative one among 4 experiments. C: the control group, S: the stress
group, GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
Bars and letters indicate the size of 18S- and 28S-ribosomal
RNAs.Discussion
Mechanical stress is an important regulator of chondro-
cyte metabolism and is a prerequisite for maintaining
cartilage matrix properties.1 In this study, to clarify how
human chondrocytes respond to mechanical stress, we
used the human chondrocytic cell line, CS-OKB,7 as an
in-vitro model. As for this subject, many previous studies
evaluated the effect of mechanical stress on various
chondrocytic cells by monitoring rates of proteoglycan
synthesis. It is known that physiological dynamic load
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cans, while a static load decreases the syntheses of these
proteins.2,3 Excessive mechanical stress also decreases
their syntheses.1,3 The RT-PCR analysis was performed to
evaluate the influence of the mechanical stress in chondro-
cytic CS-OKB cells. Drastic reduction of type II procollagen-
expression was shown by the application of mechanical
stress in the present study. We investigated the genetic and
transcriptional changes that are activated in chondrocytes
following mechanical stimuli. Much more detailed analyses
of these molecular events are necessary and crucial to
improve our understanding of cartilage physiology and
pathology. Using DDRT-PCR technique, we analyzed tran-
scriptional changes responding to mechanical stress in the
human chondrocytic cells, CS-OKB.
Differential display, reported by Liang and Pardee,12 and
RNA fingerprinting by arbitrarily primed PCR (RAP-PCR)13
are widely used for the identification of differentially
expressed mRNAs. However, reproducible results have
hardly ever been obtained with these methods. The pattern
of differential expression often cannot be reproduced on
Northern blots and the percentage of false positives can
rise as high as 90%.14 In our laboratory, we could not
obtain any solid results with the original differential display
method described by Liang and Pardee (data not shown).
Diachenko et al.8 reported an improved DDRT-PCR
method which combines with the RAP-PCR method and we
used this method. One of the differentially displayed clones,
SIC 1, was found to be amplified by the arbitrary primer
alone. However, our results are reproducible on both
DDRT-PCR and Northern blots.
The cDNA fragment human SIC 1 was identified as
KIAA0201 gene (D86956)10 by MPsrch homology search
program. SIC 1 sequence showed base replacements at 2
sites; i.e., from T to C at 3020 and from G to A at 3044.
These differences occurred at non-coding regions of the
KIAA0201 gene and had no affect for the corresponding
protein. Our experiments are highly dependent on PCR
technique. Therefore, the differences were presumably
due to mistakes in DNA polymerase during PCR. The
KIAA0201 gene is a human counterpart corresponding to
murine high molecular mass HSP, HSP105 (D67016,
D67017). HSP105 was induced by heat stress in murine
cells and was highly expressed in the brain among murine
tissues.11 Yeast and hamster counterparts of this protein
were reported.15–18 The human cDNA were recently cloned
from heat-shocked human HeLa cells.19 Hitherto, the func-
tion of human counterpart has not been well-known. To ourknowledge, we are the first to report that mechanical stress
induces the expression of human high molecular mass
HSP in human chondrocytic cells.
HSPs are induced by heat shock and a variety of other
stresses, so these proteins are also called stress proteins.
However, HSPs are expressed in considerable amounts
in non-stressed cells. HSPs are involved not only in cell
protection and repair of cell damage caused by a variety of
stresses, but also in normal cellular functions. In general,
HSPs are found to interact with other proteins to mediate
protein folding, assembly, and disassembly as molecular
chaperones.20–22 Regarding cartilage diseases, HSPs
with lower molecular mass such as HSP70 and HSP65
have been reported to associate with osteoarthrosis23 and
rheumatoid arthritis,24 respectively. HSP47 have been
suggested to play an important role in type II collagen
metabolism.25 It was demonstrated that excessive mech-
anical stress induced HSP70 expression in the human
chondrocytic cell line, HCS-2/8.26 It has not previously
been indicated that high molecular mass HSPs such as SIC
1 were involved in cartilage diseases or in chondrocyte
metabolism. However, mechanical stress induced the
expression of high molecular mass HSP, namely SIC 1, in
human chondrocytic cells.
In conclusion, mechanical stress induced the expression
of human SIC 1, one of the high molecular mass HSPs, in
the human chondrocytic cells (CS-OKB). Such a high
molecular weight HSP (SIC 1) may play an important role in
the chondrocytes responding to mechanical stress.Acknowledgments
Tokuhiro Chano was assisted by Research Fellowship of
the Japan Society for the Promotion of Science for Young
Scientists. The authors thank Dr Masakiyo Sasahara for his
kind technical advice.Fig. 4. Semiquantitative RT-PCR. The mechanical stress significantly suppressed the transcription of type II procollagen. C: the control
group, S: the stress group, GAPDH: glyceraldehyde-3-phosphate dehydrogenase, COL2: type II procollagen, COL10: type X procollagen,
AG: aggrecan, M: X174-HaeIII digested molecular marker.References
1. Urban JPG. The chondrocyte: a cell under pressure. Br
J Rheumatol 1994;33:901–8.
2. Larsson T, Aspden RM, Heinegard D. Effects of mech-
anical load on cartilage matrix biosynthesis in vitro.
Matrix 1991;11:388–94.
3. Sah RLY, Gradzinsky AJ, Plaas AHK, Sandy JD.
In: Kuettner KE, Schleyerbach R, Peyron JG,
Osteoarthritis and Cartilage Vol. 8 No. 2 119Hascall VC, Eds. Articular Cartilage and Osteoarthri-
tis. New York: Raven Press 1992:373–92.
4. Dieppe P, Kirwan J. The localization of osteoarthritis.
Br J Rheumatol 1994;33:201–3.
5. Parkkinen JJ, Ikonen J, Lammi MJ, Laakkonen J,
Tammi M, Helminen HJ. Effect of cyclic hydrostatic
pressure on proteoglycan synthesis in cultured
chondrocytes and articular cartilage explants. Arch
Biochem Biophys 1993;300:458–65.
6. van Kampen GRJ, Veldhuijzen JP, Kuijier R, van der
Stadt RJ, Schipper CA. Cartilage response to mech-
anical force in high-density cultures. Arthritis Rheum
1985;28:419–24.
7. Chano T, Okabe H, Saeki Y, Ishizawa M, Matsumoto K,
Hukuda S. Characterization of a newly established
human chondrosarcoma cell line, CS-OKB. Virchows
Archiv 1998;432:529–34.
8. Diachenko LB, Ledesma J, Chenchik AA, Siebert PD.
Combining the technique of RNA fingerprinting and
differential display to obtain differentially expressed
mRNA. Biochem Biophys Res Commun 1996;219:
824–8.
9. Church GM, Gilbert W. Genomic sequencing. Proc
Natl Acad Sci USA 1984;81:1991–5.
10. Nagase T, Seki N, Ishikawa K, Ohira M, Kawarabayasi
Y, Ohara O, Tanaka A, Kotani H, Miyajima N, Nomura
N. Prediction of the coding sequences of unidentified
human genes. IV. The coding sequences of 80 new
genes (KIAA0201-KIAA0280) deduced by analysis of
cDNA clones from cell line KG-1 and brain. DNA Res
1996;3:321–9.
11. Yasuda K, Nakai A, Hatayama T, Nagata K. Cloning
and expression of murine high molecular mass
heat shock proteins, HSP105. J Biol Chem
1995;270:29,718–23.
12. Liang P, Pardee A. Differential display of eukaryotic
messenger RNA by means of polymerase chain
reaction. Science 1992;257:967–70.
13. Welsh J, Chada K, Dalal SS, Ralph D, Cheng R,
MaClelland M. Arbitarily primed PCR fingerprinting of
RNA. Nucleic Acids Res 1992;20:4965–70.
14. Sompayrac L, Jane S, Burn TC, Tenen DG, Danna KJ.
Overcoming limitations of the mRNA differential dis-
play technique. Nucleic Acids Res 1995;23:4738–9.15. Sanchez Y, Lindquist SL. HSP104 required for induced
thermotolerance. Science 1990;248:1112–5.
16. Parsell DA, Sanchez Y, Stitzel JD, Lindquist S. Hsp104
is a highly conserved protein with two essential
nucleotide-binding sites. Nature 1991;353:270–3.
17. Sanchez Y, Taulien J, Borkovich KA, Lindquist S.
Hsp104 is required for tolerance to many forms of
stress. EMBO J 1992;11:2357–64.
18. Subjeck JR, Shyy T, Shen J, Johnson RJ. Association
between the mammalian 110,000-dalton heat-shock
protein and nucleoli. J Cell Biol 1983;97:1389–95.
19. Ishihara K, Yasuda K, Hatayama T. Molecular cloning,
expression and localization of human 105kDa heat
shock protein, hsp105. Biochim Biophys Acta
1999;1444:138–42.
20. Welch WJ. Mammalian stress response: cell physiol-
ogy, structure/function of stress proteins, and
implications for medicine and disease. Physiol Rev
1992;72:1063–81.
21. Hendrick JP, Hartl FU. Molecular chaperone functions
of heat-shock proteins. Annu Rev Biochem
1993;62:349–84.
22. Craig EA, Weissman JS, Horwich AL. Heat shock
proteins and molecular chaperones: mediators of
protein conformation and turnover in the cell. Cell
1994;78:365–72.
23. Kubo T, Towle CA, Mankin HJ, Treadwell BU. Stress-
induced proteins in chondrocytes from patients with
osteoarthritis. Arthritis Rheum 1985;28:1140–5.
24. Kimura L, Plymyer M, McLean L, Yamaga K, Lance E.
Reaction of antibody to mycobacterial 65 kDa
heat-shock protein with human chondrocytes. J
Autoimmun 1991;4:881–92.
25. Kambe K, Yamamoto A, Yoshimori T, Hirayoshi K,
Ogawa R, Tashiro Y. Preferential localization of heat
shock protein 47 in dilated endoplasmic reticulum
of chicken chondrocytes. J Histochem Cytochem
1994;42:833–41.
26. Takahashi K, Kubo T, Kobayashi K, Imanishi J,
Takigawa M, Arai Y, Hirasawa Y. Hydrostatic pressure
influences mRNA expression of transforming
growth factor-beta 1 and heat shock protein
70 in chondrocyte-like cell line. J Ortho Res
1997;15:150–8.
